
 

 
 

 

 
Crops 2023, 3, 11–23. https://doi.org/10.3390/crops3010002 www.mdpi.com/journal/crops 

Article 

Spatial Distribution of Citrus Pseudocercospora Leaf and Fruit 

Spot Disease and Shade Effect on Disease Intensity 

E. G. D. Ndo 1, E. Akoutou Mvondo 1, F. Bella Manga 1, L. Bidzanga Nomo 1 and C. Cilas 2,* 

1 IRAD (Institute of Agricultural Research for Development), Regional Agricultural Research Center of 

Nkolbisson, Yaoundé P.O. Box 2067, Cameroon 
2 CIRAD (Centre de Coopération Internationale en Recherche Agronomique pour le Développement), 

DGDRS, 34398 Montpellier, France 

* Correspondence: christian.cilas@cirad.fr 

Abstract: Adapting agricultural systems to face persistent environmental hazards is at the center 

of global concerns. In line with this, understanding and highlighting the structural characteristics of 

agroforestry systems could strengthen their resilience in terms of disease management. This study 

was conducted to evaluate the effect of shade on the intensity of citrus leaf and fruit spot disease 

caused by Pseudocercospora (PLFSD). Investigations to assess the effects of shade components on the 

incidence of PLFSD were carried out on 15-year-old tangerine trees in a cocoa-based agroforestry 

plot (Bokito) during four fruits seasons. Tangerines under the shade of large forest trees were com-

pared to others located under full sunlight. A complementary experiment was conducted on young 

grapefruit plants in an orchard with mango and avocado groves in Foumbot. Three shading condi-

tions, i.e., under avocado trees, under mango trees, and without shade, were explored. Data on 

shade and PLFSD incidence were collected and analyzed. Our findings show that PLFSD incidence 

was null on tangerine leaves from trees under shade compared to those under full sunlight. The 

same trends were observed in fruits under shade and under full sunlight. Disease incidence on 

grapefruit leaves was lower on trees under shade compared to those under full sunlight. In short, 

shade trees appear to constitute potential physical barriers to disease progression. This study also 

highlights disease spatial distribution as beyond 12 m of distance between neighboring trees, no 

spatial dependence of disease spread was observed. Management actions based on the distance 

between citrus trees and regulating shade are envisaged. 

Keywords: shade management; agroforest system; citrus; plant epidemiology; Pseudocercospora  

angolensis 

 

1. Introduction 

Pseudocercospora leaf and fruit spot disease (PLFSD) of citrus is the most devastat-

ing fungal disease known to present in citrus plants in tropical African countries [1–3]. 

PLFSD is caused by Pseudocercospora angolensis (Crous & U. Braun). Previously named 

Phaeoramularia angolensis, this pathogen is a dematiaceous hyphomycete, an asexual fun-

gus that was first reported in Angola and Mozambique as Cercospora angolensis [4]. PLFSD 
is widespread in 23 countries in the south of the Sahara, as well as in Yemen [3,5]. This 

disease is gradually expanding to areas where it was not known to occur a few years ago 

[3]. It is considered to be a serious threat to citrus fruit production in large citrus produc-

tion basins. The disease results in the early fall of affected leaves and fruits and the defor-

mation of fruits. In Cameroon, PLFSD has been reported in the western highland zone 

since 1969 [6]. Its damage on susceptible varieties can result in 100% crop loss in areas of 

high incidence [7]. 

Many factors, including high rainfall, low temperatures (high altitude), and high rel-

ative humidity (above 75%) are associated with PLFSD development [5,7]. It is known that 
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the conidia of P. angolensis are disseminated for a short distance by wind or rain [2,8]. The 

pathogen requires moisture for infection and conidial production. The conidia can be dis-

seminated by wind or through the transport of infected fruits and propagative plant ma-

terial to non-contaminated areas. Local dispersal is mainly caused by rain splash as well 

as by ants and other insects moving on trees [9,10]. Leaf lesions are known to produce 

more conidia than similar fruit lesions and constitute the main source of inoculum [2]. 

No teleomorphs have been reported to date. The fungus probably survives in 

dormant lesions of infected plants until the beginning of the next rainy season. The spor-

ulation is favored by prolonged wet weather. Lesions produced in the previous season 

can begin to sporulate within two weeks from the beginning of the next rainy season at 

most temperatures in the tropics. Those spores then infect new tissues [11]. The host range 

of P. angolensis is composed of citrus species, and no alternative host has yet been reported. 

In addition, no citrus variety has been found to be resistant to PLFSD. Certain species, 

such as grapefruits (Citrus paradisi), oranges (Citrus sinensis (L).), and some tangerines (Cit-

rus reticulata—Blanco), are considered to be the most susceptible [12]. 

The most common citrus cropping systems in Cameroon are complex and diversified 

agroforestry systems based on cocoa or coffee. [6,13]. These are multi-species agroforestry 

systems with a great diversity of horizontal and vertical spatial structures. [14]. The plant 

population distribution in agroforests is seen as a means to regulate pests and diseases 

[15,16]. Shade trees in agroforests create a microclimate under the canopy that can influ-

ence pest or disease development. Shade trees also play an important role in intercropping 

for several reasons. They can improve bad weather conditions by modulating temperature 

changes [15–19]. Shade trees can also increase soil nutrient levels by producing large 

amounts of litter that can significantly increase crop productivity and vigor, improving 

resistance to pests and disease [17,20]. Likewise, the barrier effect of shade trees has been 

highlighted [6,14]. The effect of shade on pest and disease intensity, however, depends on 

the pathogen species [21]. In Uganda, a study on coffee plantations showed that berry 

drillers were more common in plantations exposed to the sunlight; meanwhile, stem bor-

ers were more abundant in shaded plots [22]. However, in the case of citrus foot rot dis-

ease in cocoa-based agroforestry systems in Cameroon, it was shown that citrus trees 

planted under dense shade were less affected by the disease than those planted in full sun 

[14]. 

The effects of shade trees on citrus growth, as well as on the development of citrus 

pests and diseases, such as PLFSD, are poorly known. However, it has been acknowl-

edged that a high relative humidity (>75%) and mild temperature conditions (<25 °C) fa-

vor disease development [7,23,24]. As such, it can be assumed that the level of shading in 

a complex agroforest context determines the incidence of PLFSD on citrus trees. Sunlight 

penetration is reduced in spots with high levels of shading, thus creating a microclimate 

suitable for disease development, characterized by high humidity levels and low temper-

atures. From another point of view, given the role played by shade trees in improving 

nutritional conditions, the growth of associated trees in these conditions can be improved, 

as well as their vigor and response to disease. In addition, shade trees can act as a barrier 

against wind and rain splash, which are the main factors in the spread of conidia; thus, 

they can slow epidemic progression [15,25]. This study was conducted to determine the 

effect of shade trees on the development of PLFSD. 

2. Material and Methods 

2.1. Experimental Design 

2.1.1. Biophysical Characterization of Sites 

The experiment was conducted in two sites: 

o The first one was located in the forest–savanna transition area of Bokito (latitude 4°38′ 

N, longitude 11°09′ E, altitude 480 m), situated in the western part of the humid forest 

agroecological zone of Cameroon. The annual mean temperature is 25 °C and relative 
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humidity averaged 75%. The rainfall pattern is bimodal, i.e., there are two rainy sea-

sons, spanning March-June and September-November (average annual rainfall:1300 

mm to 2500 mm). The soils are sandy loam, sandy clay loam, or clay in texture. This 

site was chosen because it is one of the main citrus production basins of the country, 

with medium PLFSD incidence. 

o The second site was located in Foumbot in the western highland zone of Cameroon, 

(latitude 5°30′ N, longitude 10°37′ E, altitude 1010 m). This site was selected because 

of its situation in an area of high PLFSD incidence [6]. The annual mean temperature 

is 19 °C and the average relative humidity is >75%, with annual rainfall ranging from 

1500 to 2500 mm which occurs in a unimodal pattern (one rainy season from March 

to November). Soils are predominantly volcanic, loam-like, clay-like in texture. 

2.1.2. Bokito Plot 

The experiment on this site was carried out in a complex cocoa-based agroforestry 

plot with citrus trees of around 15 years old. Other associated indigenous and exotic spe-

cies include the following: Spondias dulcis (Sol. Ex Parkinson); Triplochiton scleroxylon (K. 

Schum); Milicia excelsa ((Welw.) C.C.Berg); Ceiba pentrada ((L.) Gaertn.); Ricinodendron heu-

delotii ((Baill.) Heckel); Cola acuminata ((P. Beauv.) Schott & Endl.); Chlorophora excelsa 

((Welw.) C.C.Berg); Adansonia digitata (L.); Voacanga africana (Stapf ex Scott-Elliot); Eleaïs 

guineensis (Jacq.); Dacryodes edulis ((G.Don) H.J.Lam.); Manguifera indica (L.); Persea Ameri-

cana (Mill.); and citrus trees (Citrus spp.), among others. Regarding citrus, three species 

were present in this plot. Tangerine trees (Citrus reticulata Blanco) dominated, while or-

ange trees (Citrus sinensis (L.)) and some young grapefruit trees (Citrus paradisi (Macf.)) 

were also found. The species chosen for this trial was tangerine of the local variety (Obala 

tangerine). This choice was linked to their abundance in the plot. Six tangerine trees under 

the shade of large forest trees were chosen and compared to six others located in full sun-

light. 

2.1.3. Foumbot Plot 

An experimental orchard of the National Institute of Agricultural Research of Cam-

eroon was chosen for this trial. The presence of old citrus trees infected by PLFSD in this 

orchard favored inoculum dispersion in the site. The experimental orchard was composed 

of several subplots of mango, avocado, and citrus trees. On one side of the experimental 

orchard, including a subplot of mango and a subplot of avocado trees, 72 young grapefruit 

plants were planted. Grapefruit seedlings were produced by grafting grapefruits (Pomelo 

Marsh Jabarito) on C. volkameriana rootstocks. The planting occurred in July 2020 with a 

spacing of 5 m × 8 m. X and Y coordinates were assigned to each grapefruit plant. 

2.2. Disease Incidence and Shade Data Collection 

2.2.1. Bokito Plot 

Data collection in this plot was conducted four times during four successive fruit 

seasons. The first observation took place in September 2020, the second in April 2021, the 

third in September 2021, and the last in April 2022. The selected tangerines trees were 

marked with a plate. Disease incidence was evaluated by noting the presence of PLFSD 

spots on the leaves and fruits. On each tree, 12 young flushes of approximately 2 months 

(more susceptible to the disease) were arbitrarily selected. To take into consideration the 

variability of each tree, the tree canopy was divided into four sectors (North South, East, 

West). The choice of flushes was made inside a wooden frame with a size of 1 m2. This 

wooden frame was positioned at a human height, and each of the sectors of the tree were 

chosen according to the described directions [5]. On each sector of the canopy, three 

flushes were chosen. On each of the 12 flushes selected, the last 14 leaves were observed, 

i.e., 168 leaves per tree. In the same vein, on each tree, 40 fruits distributed equitably on 

different branches of the tree were chosen. The elementary plot was represented by a tree. 
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For each tree selected, we observed 168 leaves and 40 fruits. On the leaves, a scale ranging 

from 1 to 3 was determined to quantify the severity of PLFSD: 1 = no lesion; 2 = one to 

three lesions; and 3 = more than four lesions. As for the fruits, once a PLFSD lesion was 

observed, said fruit was considered lost as it could no longer be accepted in the fresh fruit 

market [26]. 

2.2.2. Foumbot Plot 

Disease data were collected twice, once during the rainy seasons and one year after 

the planting date. The first observation date was held in October 2021 and the second in 

June 2022. This enabled data collection during periods of high disease incidence. The 

youngest flushes were observed. The elementary plot was also represented by a stand. A 

maximum of 10 flushes and 16 leaves per flush were observed on each grapefruit stand. 

The number of spots per leaf was noted during each observation period. 

The two perpendicular diameters of the shade trees’ canopy were measured. The 

mean diameter of the foliage was calculated as the average of the two measurements 

made. A shading index on a scale of 1 to 10 (depending on the degree of light filtering 

through the canopy) was assigned to each shade tree. In this scale, 10 represented a com-

pletely opaque (100%) canopy that did not let light through. A canopy with 50% of the 

surface infiltrated by light was denoted by 5 and a canopy very permeable to light, ap-

proaching full sunlight, was represented by 1 [14]. 

2.3. Statistical Analysis 

The variables explained were PLFSD incidence, which is the mean number of disease 

lesions per leaf (or fruit), and disease incidence, which is the percentage of leaves (or 

fruits) affected by the disease on a tree, expressed in the formula below [27]: 

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 =
Td

To
 × 100   

where Tl = total number of lesions; To = total number of leaves observed; and Td = total 

number of leaves (or fruits) affected by the disease 

2.3.1. Analysis of Variance 

Data analysis was conducted using SAS software version 9.3. The analysis of variance 

was performed using the general linear model (GLM) procedure. To compare PLFSD in-

cidence average according to the type of shade and for each observation period, the stu-

dent–Newman–Keuls test at a 5% probability level was used. In Bokito, the tangerine trees 

under full sunlight were compared to those under forest trees shade; meanwhile, in 

Foumbot, grapefruit stands situated under mango trees were compared to those situated 

under avocado trees and in full sunlight. 

A second analysis of variance was performed on Foumbot data with R version 4.1.1 

software using the Gstat package to highlight the part of the variance that was due to the 

effects tested (shading, date of observation, interaction). 

2.3.2. Mapping of PLFSD Incidence and Shade 

Mapping the plot illustrated the impact of PFLSD on grapefruit stands. The mapping 

was conducted on bubble maps made with R version 4.1.1 software through the Lattice 

and Lattice Extra packages (Figure 1). Each bubble size was proportional to the incidence 

of disease. On this graph, the position and size of the shade trees were also indicated. 



Crops 2023, 3 15 
 

 

 

Figure 1. 3D plan of the experimental plots situated in Foumbot (A) and in Bokito (B). Plot in 

Foumbot includes young grapefruit trees (red) and shade trees composed of avocado and mango 

trees, while the Bokito plot is a complex and biodiverse cocoa-based agroforestry system with tan-

gerines (red) situated under other trees or in full sunlight. 

2.3.3. Residue Analysis 

The analysis of the Foumbot data showed that disease incidence variance was not 

exclusively explained by shading, observation date, and interaction. An explanation for 

the disease variance portion unexplained by these three factors was made through a resi-

due analysis performed using R version 4.1.1 software. In the residue analysis, it was hy-

pothesized that the variance portion unexplained by the model was due to the spatial 

structure of the disease. To confirm this hypothesis, spatial analysis of the residuals was 

subsequently performed. 

2.3.4. Spatial Analysis 

Spatial analysis was performed on the residuals after removing the effects of shading, 

date of observation, and interactions (if any). This yielded detection of whether the distri-

bution of the disease was random or patterned. It was performed using semi-variogram 

analysis of GS+ software (version 9). The principle of this analysis was to measure the 

spatial dependence that existed between the points (grapefruit trees) measured. The semi-

variograms represents the mean quadratic differences between the xi and yj points as a 

function of the distances separating these points [28]. The semi-variance is given by the 

equation: 

𝛾(ℎ) =  
1

2𝑁(ℎ)
∑ (𝑧𝑖

𝑁(ℎ)
𝑖=1 − 𝑧𝑖+ℎ)2   

In this equation, (h) the semi-variogram is calculated for N(h) points xi and yj sepa-

rated by a distance h = │xi-yi│; zi = incidence of the disease at point i; and zi+h = incidence 

of the disease at point i + h. h is expressed in m [29]. The software provides the descriptive 

parameters of the semi-variogram [28]. The software also provides the following descrip-

tive parameters for the semi-variogram: 

- C0: The nugget effect is the y value at which the curve of the model cuts the y axis; 

- a: The semi-variogram may reach a plateau. Reaching a plateau indicates that, from 

a certain distance, there is no longer spatial dependence between the data. This dis-

tance is called the range (a); 

- C0+C: The bearing is the variance at which the plateau appears. The bearing is 

reached by an asymptote (Figure 2). 
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Figure 2. Graphical representation of the percentage of diseased leaves for each grapefruit plant and 

shading indices of the different shade trees during the first (A) and second (B) observation session. 

The black dots represent the shade trees, i.e., the avocado trees (on the right side) and the mango 

trees (on the left side). The green dots represent the young grapefruit. 

A theoretical model was fitted to the experimental semi-variogram. The sum of the 

residue squares (RSS), the coefficient of determination R2, and the ratio C/(C0+C) yield a 

decision regarding the theoretical model that best fits the observed semi-variogram. When 

the ratio C/(C0+C) = 1, the semi-variogram has no nugget effect. If C/(C0+C) = 0, the semi-

variogram is linear and it is a pure nugget effect. This is the case of a perfectly randomized 

distribution (no spatial dependence). 

After semi-variograms were made, Kriging maps were produced using GS+ software 

with the data residue of disease incidence. This highlighted disease spatial distribution. 

3. Results 

3.1. Variation of Disease Incidence with Shade Intensity 

3.1.1. Bokito Site 

Disease incidence on the leaves of tangerine trees placed under full sunlight was al-

ways greater than the incidence on those under associated tree species (Table 1). However, 

means were not significantly different for disease incidence. The results on disease inci-

dence were significantly different for two observation dates. It can be observed that the 

mean incidence of disease for trees under forest shade was always = 0, which was not the 

case for trees under full sunlight. Throughout the plot, there was a fairly low disease inci-

dence for all trees. 
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Table 1. Comparison of Pseudocercospora leaf and fruit spot disease incidence on tangerine tree 

leaves between trees under forest tree shade and those under full sunlight for four observation dates 

at Bokito. 

Observation Date Shade Type Incidence (% ± x ) 

September 2020 
Full sunlight 3.12 ± 6.19 a 

Forest trees shade 0.00 ± 0.00 a 

April 2021 
Full sunlight 6.70 ± 10.57 a 

Forest trees shade 0.0 ± 0.00 b 

September 2021 
Full sunlight 22.44 ± 21.77 a 

Forest trees shade 0.00 ± 0.00 b 

April 2022 
Full sunlight 2.40 ± 4.65 a 

Forest trees shade 0.00 ± 0.00 a 

x = standard deviation. Numbers followed by the same letters (a, b) in the same cell are not signifi-

cantly different with Student–Newman–Keuls test at the probability of 0.05. 

On fruits, the first observation date was not effective because some trees had no fruits 

and others had very young fruits. During the other three observation dates, disease inci-

dence on trees under full sunlight was always higher than on trees under shade (Table 2). 

However, the means were significantly different for only two dates. Incidence means were 

not significantly different. Disease spots were present on some fruits from trees located 

under shade, contrary to what was noticed on the leaves. 

Table 2. Comparison of Pseudocercospora leaf and fruit spot disease incidence on tangerine trees 

between trees under forest trees shade and those under full sunlight for three observation dates at 

Bokito. 

Observation Date Shade Type Incidence (% ± x ) 

April 2021 
Full sunlight 1.34 ± 3.54 a 

Forest trees shade 0.0 ± 0.00 a 

September 2021 
Full sunlight 23.47 ± 26.18 a 

Forest trees shade 0.83 ± 2.04 b 

April 2022 
Full sunlight 6.59 ± 17.44 b 

Forest trees shade 0.00 ± 0.00 a 

x = standard deviation. Numbers followed by the same letters in the same cell are not significantly 

different with Student–Newman–Keuls test at the probability of 0.05. 

3.1.2. Foumbot Site 

During the two observation dates, the highest disease incidence (45.26%) was rec-

orded in grapefruits situated under the full sunlight. Differences observed were always 

significative during the two observation dates (Table 3). The disease incidence in grape-

fruits under mango tree shading was always lower than that of those under avocado tree 

shading. These differences were only significant on the first observation date. Standard 

deviations were quite high and often close to the averages. The highest standard devia-

tions were found on trees in direct sunlight, highlighting great variability. 

Table 3. Comparison of Pseudocercospora leaf and fruit spot disease incidence on grapefruit tree 

leaves between three types of shade for two observation dates at Foumbot. 

Observation Date Shade Type  Incidence (% ± x) 

October 2021 

Full sunlight 45.26 ± 23.92 a 

Avocado trees shade 21.39 ± 13.70 b 

Mango trees shade  27.76 ± 14.33 b 

June 2022 Full sunlight 25.20 ± 23.05 a 
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Avocado trees shade 3.02 ± 5.54 b 

Mango trees shade 8.11± 13.80 b 

x = standard deviation. Numbers followed by the same letters in the same cell are not significantly 

different with Student–Newman–Keuls test at α = 0.05. 

3.2. Representation of Disease Incidence According to Shade Intensity 

The incidence bubbles were larger for plants in full sunlight (Figure 3). However, 

there was great variability for this type of plant. Some plants had a tiny bubble (less le-

sions), while others had the largest bubbles (maximum lesions). Under shade trees, dis-

ease incidence varied less. Most of the bubbles representing these plants were very small 

and had almost the same size. It can also be observed that disease variability is correlated 

with shade index. 

 

Figure 3. Observed half variances (squares) and corresponding models (curves) for residues of the 

percentage of sick leaves in October 2017 (A) and June 2018 (B) on grapefruit tree. 

3.3. Shade Effect and Observation Date on PLFSD Intensity 

The Shade effect and Observation date had a significant influence on disease inci-

dence. The interaction between the two parameters had no significant effect on the disease 

(Table 4). 

Table 4. Parameters significantly associated with citrus Pseudocercospora leaf and fruit spot disease 

incidence on grapefruit tree leaves in Foumbot. 

Variables  Parameters  DDl  Sum of Square  Means Square  F Value Pr (>F)  

Incidence 

Shade  3 21,292 7097.3 23.1 4.5×10−12 *** 

Observation date  1 12,493 12,493.4 40.7 2.8×10−09 *** 

Interaction shade x observation date - - - - - 

Residue  131 40,238 307.2 - - 

Incidence = percentage of infected organs. Significant code : ‘***’: p < 0.0001. 

3.4. Spatial Analysis of Residues 

Semi-variograms followed a Gaussian, spherical, or exponential model (Figure 4). 

The theoretical models corresponded to the semi-variograms observed. For all the varia-

bles, we have R2 < 1. No model had a nugget effect because the ratio C/(C0+C) is always 

substantially equal to 1 for all models. The maximum range was 11.79 m and the minimum 

was 7.49 m. In general, the range at date 1 was greater than at date 2 (Table 5). 
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Figure 4. Kriging maps for the spatial distribution of residues from the percentage of sick leaves in 

October 2011 (A) and June 2012 (B) on grapefruit tree. 

Table 5. Description parameters of the semi-variograms and statistics of the models obtained from 

residues of Pseudocercospora leaf and fruit spot disease variables on grapefruit trees during the two 

observation dates in the plot of Foumbot. 

Variables Dates Model Reach (m) degree (C0+C) C/(C0+C) RSS R2 

Severity October 2021 Gaussian 11.70 0.914 0.999 0.106 0.883 

 June 2022 Gaussian 10.08 0.249 1.000 0.015 0.704 

Incidence October 2021 Gaussian 9.59 391.10 0.997 15660 0.829 

 June 2022 Exponential 7.49 314.60 0.999 5593 0.425 

Incidence = percentage of infected organs. 

Observations of the Kriging maps (Figure 3) revealed a large variability in the spatial 

distribution of residues. For all variables, disease intensity aggregates were formed in the 

field. 

4. Discussion 

4.1. Shade Trees Effect 

The shading effect evaluated in this study appeared to have an impact on the devel-

opment of the disease. Disease incidence was higher in the fruits and leaves of tangerine 

trees situated under full sunlight than in those under shade trees. On grapefruit plants, 

the same trend was observed. The effect of shading on PLFSD in complex systems, as in 

the case in the Bokito site, is poorly known as most citrus plants in countries where the 

disease is present are produced in orchards under a mono-culture situation [3,30]. How-

ever, in Cameroon, the most common practice is the production of citrus in agroforests 

and in the presence of many shade trees [5–7]. 

The effect of shade on several pathosystems has been studied, and this effect is case-

specific for each pathogen [22,31,32]. In this specific case, the shade effect reduced PLFSD 

incidence. The effect of shading was significant on disease incidence during the two ob-

servation dates of grapefruit. Disease incidence was nearly 20% higher in plants situated 

under full sunlight. Barrios [17] showed that coffee berry infestation by Hypothenemus 

hampei (Ferrari) averaged 45% higher on sunlight-exposed trees compared to shaded cof-

fee trees. 

On tangerines, the shade effect on disease incidence was significant during two ob-

servation dates out of four on leaves and fruits. In this site, the incidence of disease was 

low on all the trees. The low level of significance of the observed differences in terms of 

incidence can be explained by the fact that citrus plants in agroforestry systems, even 
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when not under shade trees, are surrounded by associated trees that can act as a barrier 

against conidia dispersal, preventing the spread of disease. These trees can sometimes 

reduce the progression of the disease [20,33]. Disease incidence is also influenced by citrus 

trees’ spatial structure in agroforest plots. Ndo [15] highlighted that the aggregated spatial 

structure of citrus trees was much more correlated with a higher disease incidence than 

regular and random ones. Spatial structure analysis was not conducted in the case of this 

study because of the little number of tangerines observed. Nevertheless, citrus trees’ spa-

tial structure surely influenced disease level. Similarly, Akoutou [34] showed that citrus 

trees located under dense shade and regularly dispersed in cocoa-based agroforest plots 

are less affected by many diseases, including PLFSD. 

The higher the shade index (under mango trees), the lower the disease incidence 

However, the differences observed were not significant. This result suggests that light 

shading can have almost the same effect as more intense shading. The plant must receive 

a sufficient amount of sun radiation for good growth; therefore, it is necessary to deter-

mine an optimum trade-off between plant growth and a reduction in disease incidence. 

This result also reveals that the intensity of light can play a role in the development 

of disease. Indeed, the barrier effect of shade trees is substantially similar for avocado trees 

and mango trees because the scales are appreciable. The difference is much more signifi-

cant at the level of the canopy and the shade index. It therefore seems important for future 

studies to test the role of light intensity. The result also highlights the role of agroforests 

in disease incidence reduction [32,35]. These results are also consistent with those ob-

tained by Akoutou [15], which showed that the decline of citrus trees (the result of several 

diseases and pests) is less pronounced when the trees are located under dense shade com-

pared to those under moderate and no-shade conditions. 

4.2. Spatial Distribution of PLFSD 

The presence of associated trees, and thereby the level of shading, as well as the ob-

servation dates, significantly influenced the incidence of disease in grapefruit. The inter-

action between the two parameters had no significant effect. However, disease incidence 

is not entirely explained by the shading and observation date. The residual part of varia-

bility was explained by the spatial distribution of the disease. 

Most semi-variograms have a range of less than 12 m, indicating that citrus trees 

more than 12 m apart have no influence on each other [36,37]. Beyond 12 m of distance 

between two neighbor citrus trees, there is no more spatial dependence on disease inten-

sity. This result is of great importance to citrus growers in these regions who usually space 

plants 8 m apart. Indeed, a spacing of 12 m between plants can reduce the spread of the 

disease. 

Most of the semi-variograms obtained have no nugget effect, indicating that neigh-

boring plants often have about the same level of disease [28]. This is also observed on the 

Kriging maps where there are aggregates of residue levels. The conidia of P. angolensis are 

scattered at close range by wind and rain [5,24]. This mode of dissemination may explain 

the aggregate spatial structure of the disease. The disease spreads from one tree to its 

nearest neighbors, depending on wind velocity or rain intensity. However, the develop-

ment of infection depends on the presence and susceptibility of the host. In the case where 

neighboring trees are sensitive hosts, the infection is favored and the epidemiological cy-

cle continues [37,38]. On the other hand, if the neighbors are not very sensitive, or if they 

are not host plants (case of an agroforestry plot), the evolution of the epidemic can be 

slowed down or even stopped. This knowledge of the spatial patterns of the disease is 

useful for making management decisions, especially in the creation of new plantations. 

The experimentations in this study were conducted in a real environment, including 

in a farmer’s plot and in an existing orchard without good replications. Data collection 

was conducted several times to minimize the design effect. Future studies are necessary 

to specify and quantify the impact of the shade on PLFSD with adapted experimental de-

signs. 
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5. Conclusions 

Whether in the experimental set-up in the Foumbot orchard or in the observations 

made directly in the cocoa-based agroforest, the results show that the PLFSD index varies 

with the intensity of shade. Indeed, for most plots, especially those with a high shade 

intensity, the PLFSD index is low. Furthermore, it was highlighted that the higher the 

shade intensity, the lower the PLFSD index. Therefore, increasing the shading rate implies 

a decrease in PLFSD intensity. This study therefore allowed us to highlight the role of 

shade trees in constituting physical barriers for the evolution of the disease and creating 

microclimates that are harmful to the fungus. 
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